INTRODUCTION
============

Antibiotics are becoming an essential component of modern agricultural to improve the feed efficiency of animals, treat disease, and kill harmful germs \[[@b1-ajas-30-1-78]\]. Colistin sulfate and bacitracin zinc are commonly used growth-promoting antibiotics in farm production and are rarely assimilated by animal intestines. Antibiotics were shown to have an important effect on the growth of bacteria by suppressing bacterial wall synthesis \[[@b2-ajas-30-1-78]\], thereby improving the growth rate or reducing the incidence of diarrhea in piglets. A previous study showed that colistin sulfate could increase the activities of amylase, lipase and protease in broiler chickens \[[@b3-ajas-30-1-78]\]. Supplementation with bacitracin zinc can change the intestinal microbiota and improve the growth performance of broiler chickens challenged with *Eimeria acervulina* and *E. tenella* \[[@b4-ajas-30-1-78]\]. However, how these two antibiotics work in weaning piglets has not been measured. Performance-enhancing antibiotics used at low levels in feeds can enhance the efficiency of feed utilization, thereby improving the growth performance of animals. Antibiotics are also used at higher levels to prevent and treat diseases in the livestock and poultry industries \[[@b5-ajas-30-1-78]\]. Improvement in the growth performance of piglets may be due to changes in the composition of the bacterial community that provides nutrition and performs defensive functions in the host \[[@b6-ajas-30-1-78],[@b7-ajas-30-1-78]\]. Growth-promoting antibiotics also benefit protein metabolism and reduce growth-depressing microbial metabolites.

The microbiota of livestock and poultry ITs is an essential "organ" than can comprise up to one thousand species in a dynamic environment \[[@b8-ajas-30-1-78]\]. Previous studies have also shown that the intestinal microbiota could influence many metabolic steps and affect many aspects of host physiology, such as nutritional status, host behavior and stress responses \[[@b9-ajas-30-1-78]\]. The gut microbiota could carry out the following functions for its host: acting as a physical barrier by competitive attachment, digestion of nutrient sources, and the production of antimicrobial substances. However, which bacteria of the microbiota play beneficial or harmful roles remain largely undefined. Previous cultivation technology has limited our capacity to separate strictly anaerobic bacteria members or members needing complex nutrient substances. It should be observed that different diets affect the intestinal ecology of piglets, mainly by transforming the circumstances in the proximal gastrointestinal tract, leading to a more stable environment and reduced reproduction of pernicious bacteria in the gut \[[@b10-ajas-30-1-78]\].

The weaning period, corresponding to changes in diet and the gut environment, is a stressful period, therefore, it can easily lead to low growth performance, a high incidence of diarrhea and imbalanced intestinal flora \[[@b11-ajas-30-1-78]\]. The number and species of microorganisms living in the mammalian gut shows variation among the jejunum, ileum, cecum and colon \[[@b12-ajas-30-1-78]\]. For example, the contents of the small intestine were abundant in members of the Proteobacteria and Cyanobacteria phyla, but Bacteroidetes were more prevalent in the large intestine samples. Colistin sulfate and bacitracin zinc are commonly used in broiler chickens but rarely used in weaning piglets \[[@b13-ajas-30-1-78]\]. Previously, there were limited techniques for the measurement of the effects of antibiotic supplementation on pigs. In this research, high-throughput MiSeq platforms were used to give us an efficient method for understanding the complex relationship between the two antibiotics and weaning piglets' core microbiome in the different tracts.

MATERIALS AND METHODS
=====================

Animals and sample collection
-----------------------------

A total of sixty weaning piglets at 28 days of age were randomly placed into two growth trials. The following dietary treatments were carried out: i) Control (basal diet based on corn and soybean meal without antibiotics) and ii) Antibiotic (basal diet supplemented with colistin sulfate at 20 g per ton and bacitracin zinc at 40 g per ton). All of the pigs were housed in a controlled environmental room for 28 days. At the end of the experiment, three pigs were randomly selected for euthanization by a method approved by the Animal Care and Use Committee of Zhejiang University. The sections of the gastrointestinal tract were immediately removed from the carcasses. The luminal contents of the intestinal tracts were collected from the jejunum, ileum, cecum, and colon sites. The samples were placed on ice and immediately transported to the laboratory.

DNA extraction
--------------

Total genomic DNA was extracted from each of the luminal content samples containing the microbial communities using the QIAamp DNA Stool Mini Kit (QIAGEN, CA, Hamburg, Germany) according to the manufacturer's instructions. The quantity of DNA was measured using a NanoDrop 1000 Spectrophotometer.

Polymerase chain reaction amplicon production and high-throughput sequencing
----------------------------------------------------------------------------

The V3-V4 region of the 16S rRNA gene was amplified and sequenced. The polymerase chain reactions (PCRs) were carried out in triplicate in a total volume of 25 μL containing 5 μM of each primer, 10 ng of DNA template, 4 μL 1× FastPfu buffer, 2.5 mM dNTPs, and 0.4 μL of FastPfu polymerase (TransGen Biotech, Beijing, China). The PCR protocol included 30 cycles. PCR products were separated by electrophoresis in a 2% (w/v) gel, and the band was purified using the AxyPrep DNA Gel Extraction Kit (Axygen, Union City, CA, USA). Amplicons produced from different luminal content samples were sent to a commercial company (Majorbio, Shanghai, China) for sequencing on the Illumina MiSequencing platform.

Data analysis
-------------

First, all of the raw reads with one or more ambiguous nucleotides or with incorrect barcode or primer sequences were discarded. Illumina sequencing produced a pair of reads from each end for each DNA fragment. A self-written script was developed to generate the reverse complement of one of the paired-end reads and then compare it with its matching read. Then, the tagged sequences were classified into different individual files according to the barcodes of the samples \[[@b14-ajas-30-1-78]\]. Richness and diversity indices were produced using Mothur, and sets of sequences with ≥97% identity were defined as operational taxonomic units (OTUs). The representative sequences were distributed into phyla and genera according to the SILVA bacteria database (SILVA version 108, Silva, Bremen, Germany) following the Bayesian approach and using a cutoff of 97%. Clusters were generated using a dissimilarity cutoff of 3% and served as OTUs for constructing predictive rarefaction curves and for calculating the Shannon and Simpson diversity indices, Chao1 richness, abundance-based coverage estimators and coverage percentage by Good's method. Principal component analysis was carried out at the genus level \[[@b15-ajas-30-1-78]\].

RESULTS AND DISCUSSION
======================

Effect of antibiotics on the growth performance of weaning piglets
------------------------------------------------------------------

Antibiotics have obvious effects on feed intake and growth performance. The ADG (average daily gain) (263.81) of the antibiotics group was significantly higher (p\<0.05; [Table 1](#t1-ajas-30-1-78){ref-type="table"}) than the ADG of the control group (193.33). No obvious differences in the F:G (feed rate: gain rate) (p\>0.05) were observed between the two groups. Throughout the experiment, the incidence of diarrhea in the antibiotic group was lower than in the control group but no significant difference was observed (p\>0.05). This difference was indicated by the ADG and average daily feed intake of the antibiotic group. In this study, the results suggested that colistin sulfate and bacitracin zinc could promote piglet' growth performance by increasing the rate of the development and maturation of the microbiota to the form found in adults \[[@b16-ajas-30-1-78]\].

Core bacteria of weaning piglets
--------------------------------

Although antibiotics are an important dietary supplement with many positive effects, data about their characteristics from an ecological perspective are limited. Therefore, a more qualitative and quantitative method is necessary to monitor intestinal microbial communities. In this study, high-throughput sequence technology was adopted, and a total of 812,607 valid sequence reads that corresponded to 855 OTUs (97% identity) were generated from the 24 samples as indicated (Table 2). The 38 OTUs that existed in all of the samples in the two groups were defined as core OTUs in our study. Although core OTUs composed only 4.44% of the total OTUs, they contained 60.7% of the total sequences. These observations reveal that weaning piglets share a core set of bacteria that are represented by a small number of dominant species in different individuals. In addition, 97% of the core sequences were from members of the Firmicutes phyla. The other two core phyla were the Cyanobacteria and Actinobacteria. The bacterial composition at the phylum and class levels are shown in [Figure 1](#f1-ajas-30-1-78){ref-type="fig"} and [2](#f2-ajas-30-1-78){ref-type="fig"}.

The community of bacterial phyla in the intestines of weaning piglets
---------------------------------------------------------------------

At the phylum level ([Figure 1](#f1-ajas-30-1-78){ref-type="fig"}), we identified a total of 21 phyla, and the majority of the classifiable sequences (approximately 90%) from all four intestinal tract regions belonged to the Firmicutes. The others represent less than 4% of the total bacteria. We have confirmed that there are differences in the compositions of the microbiota in different locations of the piglets' guts. For example, Proteobacteria and Cyanobacteria were more abundant in the jejunum and ileum but were rarely found in the other regions. The reasons for these variations may be related to the GIT's functional and anatomical diversity by location. The effect of antibiotics on the shift in Firmicutes was different from the jejunum to the colon. Their relative abundance was slightly increased in the jejunum and ileum but reduced in the cecum and colon (p\>0.05). The percentages of bacteria in the Proteobacteria, Cyanobacteria, and Actinobacteria phyla decreased from the jejunum to the colon; however, the percentage of bacteria in the Bacteroidetes phyla increased. Similar shifts were observed in both groups. However, there were no significant differences between the control and antibiotic groups within the different regions of the tract ([Figure 1](#f1-ajas-30-1-78){ref-type="fig"}).

The Firmicutes are typically divided into three classes: the Clostridia, which are anaerobic, the Bacilli, which are obligate or facultative aerobes, and the Mollicutes. The Firmicutes also represent the largest proportion of the mouse and human gut microbiomes \[[@b17-ajas-30-1-78]\] and are involved in energy resorption and obesity \[[@b18-ajas-30-1-78]\]. The proportion of Proteobacteria and Cyanobacteria in the antibiotic group was reduced but not significantly. Cyanobacteria can produce cyanotoxins and obtain energy through photosynthesis. They are the most genetically diverse bacteria, they occupy a broad range of habitats across all latitudes, and they can survive in harsh environments \[[@b19-ajas-30-1-78]\]. Actinobacteria contains one of the largest bacterial genera, Streptococcus, which was one of the dominant bacterial genera ([Figure 3](#f3-ajas-30-1-78){ref-type="fig"}). Streptococcus are recognized as producers of many bioactive metabolites, such as antibiotics, which provide useful medicine for humans \[[@b20-ajas-30-1-78]\]. Only one class of Bacteroidetes, Bacteroidia, are abundant organism in the feces of animals and humans. However, the Bacteroides and Porphyromonas genera were not detected in the intestinal tracts of weaning piglets.

The community of bacterial classes in the intestines of weaning piglets
-----------------------------------------------------------------------

We identified a total of 42 classes dominated by the Clostridia and Bacilli, which are the most common classes of the phylum Firmicutes. The numbers of Clostridia increased, but the numbers of Bacilli decreased from the jejunum to the colon. The other classes also showed variable distributions among the four regions of the intestinal tract. The proportion of Gammaproteobacteria and Cyanobacteria was higher in the small intestinal regions, whereas the numbers of Bacteroidia, Actinobacteria, and Erysipelotrichia were greater in the regions of the large intestine. These seven classes accounted for almost 96% of the total sequences.

The community of bacterial genera in the intestines of weaning piglets
----------------------------------------------------------------------

We identified a total of 232 genera from the 24 samples. The most abundant genera including *Clostridium*, *Lactobacillus*, *Ruminococcus*, *Streptococcus*, *Subdoligranulum*, *Peptostreptococcaceae_incertae_sedis*, *Escherichia*, *Lachnospiraceae_unclassified*, and *Cyanobacteria_norank* were identified as the core gut microbiome because these genera were found in all regions of the intestinal tracts in piglets ([Figure 3](#f3-ajas-30-1-78){ref-type="fig"}). Among the nine core bacteria, the proportion of *Ruminococcus*, *Subdoligranulum*, and *Lachnospiraceae_unclassified* showed increases from the jejunum to the colon, whereas the other genera decreased. To understand how the number of core bacteria shifted between the two treatment groups, a heat map was used to identify differences in the abundance of genera ([Supplementary Figure S1](#s1-ajas-30-1-78){ref-type="supplementary-material"}). We also found that *Streptococcus*, *Escherichia*, and *Cyanobacteria_norank* were more abundant in the small intestine and that their relative abundance tended to decrease after treatment with antibiotics.

It was obvious that *Clostridium* dominated the piglets' gut tracts and that bacteria of this genus were reduced during treatment with antibiotics. Previous studies have shown similar frequencies of *Clostridium* in the ileum of pigs \[[@b21-ajas-30-1-78]\]. The unifying feature of the species *C. botulinum* is the production of neurotoxins \[[@b22-ajas-30-1-78]\]. *C. difficile*, the other important species of *Clostridium*, can flourish when other germs in the gut are killed during antibiotic treatment \[[@b23-ajas-30-1-78]\]; this result is similar to our results in the colon. *Ruminococcus* is the genera frequenting the colon of piglets. *Lactobacillus* is a major part of the lactic acid bacterial group and can produce energy through glycolysis and fermentation without oxygen \[[@b24-ajas-30-1-78]\].

Most *Lactobacillus* species are considered to be harmless and is possibly effective at preventing bacterial infections. *Lactobacilli* can also be used in animal feeds to restore particular aspects of physiological balance and improve the growth of piglets \[[@b25-ajas-30-1-78]\] because some *Lactobacillus* species can generate lactic acid, which may produce an acidic environment that could restrain the growth of many pathogenic genera \[[@b26-ajas-30-1-78]\]. Many *Streptococcus* species are not harmful and form part of the commensal bacteria of animal intestinal tracts. *Escherichia* was more abundant in the regions of the small intestine than in the large intestine and decreased significantly (p = 0.07, p = 0.12) after antibiotic experiment. Many species of *Escherichia* are the most common causes of intestinal tract infections and cause serious food poisoning in their hosts \[[@b27-ajas-30-1-78]\]. Virulent strains of *E. coli* can cause gastroenteritis, diarrhea and sometimes bloody bowels within 24 hours. Antibiotics have been shown to markedly decrease the number of *E. coli* in the jejunum; therefore, they could reduce the incidence of diarrhea in piglets as shown in [Table 1](#t1-ajas-30-1-78){ref-type="table"}. Many bacterial species can metabolize dietary fiber to SCFAs, which accounts for a significant part of the animal's energy source \[[@b28-ajas-30-1-78]\]. These core genera of weaning piglets should be studied more precisely and quantitatively associated with the host's genome, metabolome, and growth performance.

CONCLUSION
==========

Antibiotics have been used for sixty years to improve the growth of pigs. We can expect that advanced modeling and analysis, including sequence platforms, will help us to gain a much better understanding of the microbiomes in different regions of the gut and due to different diets and stages of development, in various geographical regions, and in response to various environmental conditions. Although there is still much controversy surrounding the overuse of antibiotics in agriculture, antibiotics have improved piglet growth performance and altered the proportions of bacteria in the microbiome, as this study has shown. This research is important because the microbiome is a cornerstone of health and productivity, and it will enrich our knowledge of the microbiome's role in piglets' health and disease. Future research should focus on gene expression or the proteins and metabolites of the gut microbiota while reducing underlying risks to animal or human health.
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###### 

Effect of dietary supplementation with antibiotics on the growth performance of weaning piglets

  Item                    Control                                              Antibiotics                                          SEM[1)](#tfn2-ajas-30-1-78){ref-type="table-fn"}   p-value
  ----------------------- ---------------------------------------------------- ---------------------------------------------------- -------------------------------------------------- ---------
  Initial BW (kg)         6.73                                                 6.63                                                 0.11                                               0.970
  Final BW (kg)           12.15[b](#tfn3-ajas-30-1-78){ref-type="table-fn"}    14.05[a](#tfn3-ajas-30-1-78){ref-type="table-fn"}    0.26                                               0.017
  ADG (g)                 193.33[a](#tfn3-ajas-30-1-78){ref-type="table-fn"}   263.81[b](#tfn3-ajas-30-1-78){ref-type="table-fn"}   8.75                                               0.004
  ADFI (g)                337.96[a](#tfn3-ajas-30-1-78){ref-type="table-fn"}   449.63[b](#tfn3-ajas-30-1-78){ref-type="table-fn"}   14.43                                              0.009
  F:G                     1.74                                                 1.71                                                 0.33                                               0.740
  Incidence of Diarrhea   6.67                                                 5.10                                                 0.35                                               0.450

SEM, standard error of the mean; BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; F:G, feed rate: gain rate.

Each least square mean represents 30 observations.

Indicates that the means within the same row are significantly different (p\<0.05).
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